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The3e tes t s  were comiscted as rc:ests of  aj?,?+Lcn cxDo5,x-e cc te rn ina t ions  

o r i g i n a l l y  conducted w.der t z s k  EO. 2L3-23110 of >o:cc% F i r e  and rcnor tcd  i n  3.ZC 

Rerqrt  no. R ’ X  070 - j.33 955-250 of 22 3 c t o b v t  1$52 ar.a iie-rision X of 18 JU;IO, 

1%3. The r e t e s t s  were necess i t a t ed  becz?-ze of a - ~ l f ~ ~ ? c t i o n  of t n 3  c a l o r i r e t e x  

. 

used i n  the o r i g i n a l  d e t e m i n a t i o n  which c 3 x x d  a ‘  s l r s b l a  e r r o r  i n  t h e  n e a t  f luc 

d e m i t y  ca l cu la t ion  f o r  t h e  a r c  j e t  envirorzcnt ,  .: r ecn ic> la t ton  of t h e  da ta  in-  

d i c a t e s  t n s t  t h e  o r i g i n a l  t e s t s  were conducted a t  ?. r o l a t i v e l y  low h e a t  11wc and 

it was f e l t  t n a t  s u b s t a n t i a t i n g - d a t a  a t  a n.iZhcr f l u x  dens i ty  were requi red  t o  

v e r i f y  tie design data.  

o l i c  a s t e s t o s  laFLnato of 100 po,mds ner  cubic f o o t  dens i ty  a t  a hea t  flux of 

approximately  LOO tilU/ft2-sec and an mtnalDy of aT?roximatcly ~ O J O  ~ ~ / l b .  

This  r e n o r t  inc ludes  r e t e s t  or! hea t  of a b l a t i o n  of phen- 
* 

. 

DZSCRI PTION 

The ma te r i a l  xas s i m i l a r  t o  t h e  T p  I1 Dhenolic-asboetos described i n  the  

m r e n t  renor t .  t h e  

s i m i l a r i t y  was achieved by machining t h e  s~,cci-;t-,r.s f r o x  tne s m e  sneet.  9 o c e s s i n g  

‘?ne d e n s i t y  of eacn snccircen was .&01 Dounds rx3.r cubic f o o t ;  
* 

WGS i n  accordance with t i e  oarent reDort.  Since t h e  higher  h e a t  f l u x  whicn was 

achieved in t n e s e  t e s t s  was accond i sned  for one tning by reducing  t h e  ciarroter 

of the a rc  nozzle,  t,nc dimension of t h e  s n e c i m n  had t o  be nodif ied.  ‘Therefore, 

a but-ton t:me snecimen was used wnich had a ,750 inch diameter t o  co inc ide  w i t h  tne 

flame dirtension. Tnickness was .395 ir.ch f o r  all s x c i a e n s ,  and was mounted i n  a 

phenolic-asbestos holdeP so that approximately .lo0 inch w a s  recessed and .295 protrudcd 

from t h e  su r face  t o  l i m i t  t n e  c a v i t a t i o n  e r ro r .  
- -_____ -- -__ 

?rocea;rral c o n t r o l  was f a c i l i t a t e d  

by t h e  use of a chro~el -a lun .e l tkermocounle  nlaced on t n e  rear sur face  of t h e  button- 

coupon and subsequent ly  inbedded i n  t h e  phenolic-asbestos nolder. 

METHOD 

The a b l a t i o n  environment was moviaed  by t n e  PdC !!c&awatt ‘arc- j e t  o w r a t i n g  . 



t z c  bacr: :'ace r.caci.ea a3Froximte ly  52;3-? w:.m t::? t e s t  vas +,cr:ninatea. 

t h i s  te::--rat.xre i s  tho  x i z i x u  a t  xr.icr, t n c  w.er.ali: res ' -  L1l will c r z r  3r.c decm- 

n x e ,  it w33 n r t i t r a r i l v  a s s m e d  t r . a t  t h i s  33ir.t re3Tesentec t n e  Lotton o f  t7.e char  

layer .  

Since 

For nurDoses of t h i s  nr.al:piS t n e  e n t i r e  czar  ce3th was considered t o  nave 

\been c m s  ured. T i i i s  i s  s t r i c t l v  .? : - ea l i s t i c  a3?zoxlzation s ince  tne v i r g i n  ma te r i a l  

must be nresent  f o r  the  f o r m t i o n  of t he  char la:ycr, 
I 

S,xxirncn KO. 1 was terminated after 11 seconds to assure the recovery of a s u b -  

stx:ti:d portion of the specimen so that corrc!;tio:i an:ilysis couid be n i d c  bctwLCn thc ;Ou"F 

end-;mint 2nd its intcriiolated position to rcqresc:it the bottom of thc char-1riyc.r. 
spccimcns were esposed for 16 to 18 seconds to achieve the 500°F back face t e m p r a t w e .  

The. other 

The averc l~c  nea t  of ab la t ion  (Heff) on rceciurn d e n s i t y  phenolic a sbes tos  was 

6500 fiTiJ/lb a t  a h e a t  flux ( 6 ) of lb09 KiJ/r't2-sec and an er.tha:Dy of 5SXl E'?U/lb. 

Data i s  tabulz ted  i n  Table I. 

cula ted  c a t a  of t n e  o r i g i n a l  t es t s  r enor t ed  i n  r e v i s i o 3  .4 which were averaged a t  

This  Heff  value cocnaaes f avorab ly  with tne  r e c a l -  

c 

- bSO0 FXJ/lb a t  an averaee (: ) of 253-300 IjTU/ft 2 -sec a t  a s i r r i l a r  density.  
Heff 

%is da ta  Droport ionately v e r i f i e s  t h e  n o r m 1  trend of Increased 1ief f  w i t n  bn 

inc rease  i n  tne  ( q  1 density.  
D 

m. - f ierefme,  tiiesse d a t a  a r e  i n  a g r e m e n t  with t h e  . 
o r i g i n a l  d a t a  and snow an increase  i n  e f f i c i ency  a s  t h e  ( q ) f l u x  i s ,  increased. 

It is i n t e r e s t i n g  t o  note  t h a t  t he  snecirncn which Cava a lower value of II,ff 

a l s o  was t ne  snecimen whicn hac t h e  s h o r t e s t  t e s t  curzt ion.  To s i m l i f y  t:?e 
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--- ABSTRACT 

Development data a r e  presented for material requirements to parametric 
analysis of certain heat protective systems for application to the FJRE vehicle. 

Physical and thermodynamic properties a r e  developed for several grades 
of phenolic asbestos laminates. Physical properties include tensile compression, 
flexure, and bearing up to 1000°F for short time soak conditions and tensile up 
to peak transient heating conditions of 2200°F and 30 - 35 seconds. Thermal 
properties include thermal conductivity to 1000"F, coefficient of thermal expan- 
sion to 1000°F and heat of ablation up to 5800 BTU/lb. enthalpy. Types of 
phenolic asbestos include three densities for the forward heat shield, 90, 100, and 
110 pounds per cubic foot nominal density and one additional density type 85 pounds 
per  cubic foot for afterbody optimization. The data include some critical design 
information and indicate the suitability of the phenolic asbestos laminates for 
application to the FIRE vehicle. 

a 
Revision .A was added on 18 June 1963 to consider a discrepancy in the heat 

of ablation data which w a s  caused by a faulty calorimeter. The data cont;, ined in 
this revision a r e  corrected data and show an average heat of ablation (H t.ff) of 

450C. BTU/lh. at a nominal density of 100 pounds per  cubic foot in a corrected heat 
flux (4) of 250-300 BTU/ft -6ec. 2 

1. 



?his s tudy was  conducted a s  p a r t  o: tlic df.sign suljport 0 ,  : r o j c c t  %'ire 

cor i t rac t  i n  ?;AS-1-1945 ;is r e q u i r e d  by approved  '1':st 2 i rec t ibde  T;0.40-20-4 

da ted  Juri; 5 " E v i i l u a t l o ~ ~  oi  I lienolic Asbes tos  Lami i ia tes  ior Apiili- 

ca t ion  to I ' r o j c c t  " F i r e "  I ieat  Shiclcl and  A t e rbody Iiisulation E acil ig".  

19b2 .  

1 he FIRE L chic le  r e q u i r e s  two s e p a r a t e  a:iLl d i j f e r e n t  ijeat i'rotcsctiori 

s y s t e m s  to adequate ly  p r o t e c t  tile vebicle  dur ing  i t s  r e e , i t r y  flig!it; one a 

s e v e r e  heat ing env i ronmen t  fo r  the f u r w a r d  lieat sh i e ld  a n d  one a low c r i t -  

i c a l  insu la t ing  s y s t e m  fo r  the a f te rbody behic lc .  

s i g r d i c a n t l y  d i f f e ren t  from coriveiltional forward Leat s h i e l d s  for t ' ie nyper-  

'Ihe f o r m e r  of these i s  

sollic -,rehicle i n  ihat i t  m u s t  a l s o  act as c a l o r i m e t r i c  i n s u l a t o r  fo r  th i s  

p a r t i c u l a r  m i s s i o n .  T h i s  compl ica t ing  f e a t u r e  wi l l  g r e a t l y  l i m i t  tile m a t -  

e r i a l  s e l ec t ion  a id  will  a l s o  provitile subs t an t i a l  sti-ictclral r e q u i r e m e n t s  

o ' t he  ab la t ion  m a t e r i a l  not normal ly  cxi2ecterl fo r  ab la t ion  nosc c o n e s .  

A f ;  e rbody Insulatioii :')is t c m  

The t 5 e r m a l  env i ronmen t  expt5rie:iced by the a f te rbody vchiclc  

oLer- laps  considerably iuto arc.as 01 s t a t e -o f - the  .trt kiiow-how o r  r c -  

i n fo rced  p l a s t i c  a I , , , l i ca t ion%.  1 tic r c f o r e  ,aLarlablc  da t a  w e r e  u t i l i zed  

ilea\ i l y  'or af te rbody irisulatioii L y s t c z n ,  'The LjLeilolic a s b e s t o s  la in ina tc  

was u t i h z e u  tor tfiis apphcation i n  con ju i~c t ion  with an e t i i c i en t  insuiatior,  
. 

water, HIN-K-13003 and assernhled w l t h  HTk211 adhesfve system 



good for lOW0F. 

Because of t h e  l imited schedule time and funds available,  it became 

neceosarlj t:, select  t h e  most pro-nisiny Rater ia l  based on a conprehensive 

study of ax: i lable  (lata. The phenolic asbestos rmter ia l  was considered 

t o  be t h e  lost  Trornisir,r of  the fsa:s.?'.blO material: :  f D r  tbEi fonrerd beat  

sh ie ld  ~~nl icc" . t , l  09 and e x p v i n e n t o l  T T O Y ~ ~  WBS li.rtS.t,ed t o  t,hi s m t c r i c l .  

To h p r o v e  the  in su la t inc  capab i l i t i e s  of this material, t h e  density 

was varied t o  produce th ree  separate types of phenolic-asbestos laminates. 

The work presented herein covers tho development of design data fo r  these 

three mater ia ls  plus one low d e n s i t y  grade f o r  afterbody optimization. 

All effortr of the program were directed toward providing a oonciae 

design data package as possible within the limited time span available. These 

data include the structural characteristics of the materials up to the maximum 

expected temperature in conjunction with density sensitive heat of ablation and 

supplementary thermodynamic properties. Accordingly, tensile, flexural and 

bearing strength determinations were selected for temperatures up to 1000'F 

soak conditions and RT compression determinations, an ablation test, thermal 

conductivity, thermal expansion, and a transient heating environmental 

determination. 
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Object-oontd 

' 0  
I 

A fourth optimizing-density phenolic a s b e s t o s  was added to the af terbody 

t e s t s  where the ablatiatn environment  is  e i the r  non-existcnt o r  neglible and 

where the low conductivity and non-c:ritical s t rength  m a t e r i a l  is  indicated 

f o r  possible  opt imizat ion.  P-' 

DESC R I P  TION 

Mate r i a l s  u s e d  i n  th i s  investigation were purchased  from Kaybeatos- 

Manhat tan,  I n c . ,  Monheim,  Pennsylvania ,  on Julie 1 2 ,  1962. Four g r a d e s  

of the 41RPD Phenol ic-Asbestos  f e l t ,  supplied i n  the pre imyregnated  form 

ready  for  lamina t ing ,  were  purchased; t h ree  density g rades  for possible 

usrage on  t h e  forward-hea t  sh ie ld  and a fourth m a t e r i a l  ta i lored fo r  poss ib le  

afterbody u s a g e ,  A l l  m a t e r i a l s  were  kept under  r e f r ige ra t ion  at 3Z°F when 
e 

not i n  use and w e r e  allowed to w a r m  to room t e m p e r a t u r e  for 24 hourfi 

prior to u s e .  The pumose of the varioas gracles of the material. vas t o  

produce a broad range of dens i t i e s  so t h a t  tho proposed design requirements 

may be fu l f . i l l ed .  

120 lb/cu.ft. density) were an increase in the lower density phenolic-resin 

component of the material and ths reduction of the fabricating pressure t o  

produce lees c3mpaction. 

w e r e  u6ed:. 

The mechanics of the dens i ty  reduction (from the noma1 

Consequently, t h e  following material compositions 

Type 
Resin Content,, 5 

Flow, % 

Volatile Content, % 

22.5 1h.7 1'3 .s u.3 

6.39 6.13 6.80 6.70 
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MANUFACTURE OF LAMINATES 

Teat panels were laminated in the 125 ton Pasadena hydraulic p re s s .  

The materiala were grouped in four classes and the curing cycle was 

according to the following schedule. 

Target 
Pressure, Psi Temperature Time( 1/8 In) Dewity 

Twe O F  Min. Lbslcu ft  

1A 15 3t00F 30 80 

1B 30 38 0 OE' 30 90 

I1 75 3 O O F  30 100 

IU 150 300F 30 110 

Subsequent to the p r e r s  cure all panels were poet cured for 24 hourr 

a t  300F, 24 hours a t  350; 24 hour8 a t  400, and 8 hours a t  450PF. a 
Strength Orientation Panels 

Toebtablish the effect of fiber orfentadon on the strength of the material ,  

panels were laid up in several  different orientation composition so that the 

specimens were tested in  tho longitudinal direction, the transverse direct- 

ion and various composition8 in between these two directions, The panels 

were then cured as bsf-2 - j .  

Ablation' Ppecimena were moldsd to the shape of the &.ired test con- 

figuration which was selected to reproduce the fiber orientation and direct- 

ionality of the design i tem. This was accomplished by the use of comprees- 



Strength Orientation Panels -contd 

ion molds which  arc shown in an exploded view in  F i g u r e  4 . The 

moldings were otherwise cured and post-cured with the same procedure 

as the flat yancls ,  trimmed off at the edges ,  and mounted with a chrome- 

alumel thermocouple at the center or' the inside surface. 

METHOD - 

Three density grades of phenolic-asbestos for the forward-heat 

ehicld and one additional afterbody grade were teated for tensi le ,  flexural, 

and bearing properties from room temperatures to 1000°F under short 

time @@ake,and compression properties at  room temperature. 

Thermal Properties ' 

Thermal properties which were generated include effective heat of 

ablation, coeffi dent  of thermal expansion, and therm81 conductivity. 

T r a m i e n t  Envimnmental Determination 

To sixulafe  the afterbody envtrome2:t f o r  t b e  determiration of 

t r ans i en t  structwal characterist ics,  t e n s i l e  coupons were exposed t o  

the radiant hecting output of  a qua*rtz-lamp fac i l i ty  and residual 

st rength determi-nz ti0r.s were made. 

ing f o r  the more severe f l i gh t ,  p r o f i l e  as slow. i n  Figme 

eccomplished, t h e  test coupon was rapidly pulled.  

When t h e  ex3ectcd t h e  mal condi t ion-  

5'0 had been 
L__ 
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Phvsical Properties 

Tensile 

Tensile properties were determined in accordance with 

Method 1011 of Federal Specification L-P-406 except that the rate of head 

travel wae increased to  , 7  inches per minute so that the ultimate s t r e s s  

was attained within 4 to 6 seconds. The purpose of the increase ih epeed 

of head travel was to minimize the degradation in the material  due to the 

high testing temperature, since this degradation would be extensive a t  1 O O O O F  

Blank coupons for each of the testing temperatures 300F, 500F, 

700F, 800F and lOOOF were instrumented with chromcl-alumel thermo- 

couples placed on either surface and at the center of the thicknesa. These 

blank coupons were then exposed in the radiant facility to determine the 

approximate time required to obtain uniform temperature. All Subsequent 
a 

teat couponr were eoaked for an additional 120 seconds after the attainment 

. of the uniform testing temperature. (Xt was found that for ,125 inch thick 

coupons heated from both eidee,  the center of the specimen did not lag 

more than 30 seconds from the surface temperature8 for all temperatures 

including the l O O O F  temperature). The tensile apparatus is shown i n  

Figure 7 . 

Flexure 

Flexural determinations were made in accordance with 

Method 1031 of Specification L-Y-406 with the exception that the quartcr- 

0 
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point 

Flexure -contd 

loading technique was used to facilitate the radiative heating method. 

To attain the rapid rate required for the short time soak it wae 

required to use radiant lamps and the center point loading ram would have 

shaded out the a rea  of maximum s t r e s s .  The quarter point technique allows 

the attainment of uniform r t r e s r  over the central  5070 of the specimen a r e a  

between the (lower) rupportr . 

The rate of crosi head speed was again increased to 1 . 5  inches 

per  minute 80 that failure would occur in 4 to 6 seconds after the 120 sec- 

ondo temperature aeaking t ime. Span-depth ratio was 16 to 1.  The flexur- 

al apparatus is shown in Figure 3 with a close up in Figure 4. 
Compr e s d o n  

Compression e e n g t h  determination were made in accordance 
* 

0 with Method 102 1.1 of L-P-406 using the euppor t tool described therein 

Bearing Strength 

The method used for the bearing determinatimns were based on 

the Method I051 of L-P-406 however, substantial modifications were 

required to cope with the heating requirements. 

Al l  steel  jig masses which. could act  a8 a heat oink were elimi- 

nated from the rrpecimen. 

since this was the dimension of the intended design. 

The bearing hole was increased to .250 inches 

Edge distance ratio 

was 2D and the specinien was changed to a double lap shear 80 that the 

8 



Bearing Strength-conM 

heating r a t e  would be f a c i l l t a t e d  a8 much a s  po8Siblee The bearing p in  

was changed t o  B .250 inch monel r i v e t  which would be the  so l e  l imi t ing  

f ac to r  of  the  r a t e  of heating Used. 

positioned i n t o  a oored hole  i n  t h e  r i v e t  and was used as t h e  monitoring 

temperature source. 

emissivi ty  m a t i n g  f o r  adequate response, 

A Chromel-Alumel thermocouple was 

It was necessary t o  coat  t he  r i v e t  with a su i t ab le  

Transient Thermal Ekposure 

I n  addi t ion t o  t h e  soak t e s t e ,  ttsnsile coupons were prkpamd and 

w e r e  exposed t o  a t r ans i en t  heating environment which approldarated t h e  

t imetemperature  conditioning shown i n  Figure 50 e 'Phi8 heating curve 

represents  the thermal input  of t h e  afterbody vehic le  for a e125 inoh 

phenolic asbestofl a t  a dens i ty  of 100 lbr/ft3. To expedite t h e  t e s t  program, 
0 

and for purposes of simplici ty ,  it waa assumed t h a t  a standardieed rad ian t  

. flux, programed to a powerinput,  t h a t  would reproduce a surface temp- 

erature shown in Figure - 50 for the  e125 inch thickness would y ie ld  a 

corresponding eurfaue temperature expected on the  afterbody flight vehic le  

when the  thickness and t he  density of t h e  material are changed. With the 

u80 of a high emiesivity aoating a large percentage of the rad ian t  energy 

was m a d s  ava i lab le  t o  t h e  aurface. The coating used f o r  this purpose had 

an enlissivity of 093. 
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Tranrient Thermal Exposure -cantd 

To ratirfactorily measure rurface temperature of the test  rpecimen, 

it wao found neccrrary to use a platinum 5% rhodium VB.  platinum 20% 

rhodium with a gage of .0023 inch to achieve a rrtirfactory reaponre without 

thermocouple failure.  The Chrornel-Alumel limitation and failure point f a  

dramatically illustrated in Figure 50 . Becaune of the #till experimental 

nature (and early rtage of development) of this thermocouple oyotem the 

temperature calibration curve i o  given in Figure 51 . The thermocouple 

-I_ 

read out wae made op &&anborn 150 recorder .  The tcrting facility ir  ahown 

in Figure 7 C 8. Correlation of the actual surface temporaturts experienced 

by the specimens and the p r o g r a m e d  rurface temperature8 are shown i n  

Figure 50 . This programmed surface temperature warr calculated from 

an analytical heat pulse for a - 1 5 O  rerentry referenced to a point 2 . 4  feet 

aft of the stagnation point 

- 

0 

Ablation 

Ablation simulation determinationr were made on a Placma-dyne 

one mega-watt arc-jet  performing at about 32-3570 capacity. A water-cooled 

copper-jacketed shutter shown i n  Figure 10 was ured during the arc-jet 

run-up to protect the specimen during this period. The arc-jet consioted 

of a 12 inch long, water-cooled copper anode with a 1.25 inch inside dia- 

meter and a blunt-nosed water-cooled tungsten cathode. The nitrogen a r c  

fed the gas at a rate of 1 . 8 7  pounds per minute as mearurcd by a 

- 
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Ablation-contd 

Baily f l o m e t e r  with the  standard orifice.  
e 

Gas enthalpy was measured from a parer  input  determination by a 

amperage and vol tags  measurement l e e s  t h e  heat l o s s  through the water  

cooled andde and cathode. 

a cold-wall copper calorimeter of a similar shape t o  the  -ohen and 

located a t  t h e  same poaition. 

Heat-flux impingement was measured by w e  of 

The f la t  dlsc shaped specimen as described i n  the material sect ion 

waa mounted on a water cooled e t ing  support and protected during t he  run- 

up period of about five seconds by the  shutter.  

parer  buildup the  s h u t t e r  was mechanically removed and t he  specimen was 

exposed f o r  t h i r t y  seconds. 

against  burn-through. 

approximately 2 t o  3 seconds and waa oonsidered t o  be negl ig ib le  i n  the 

detenninetiona. 

A t  the  attainment of peak 

Back f ace  temperature was monitored t o  protect  

The t r a n s i e n t  ablation period was estimated t o  be 0 

Thermal Conductivity 

A modified 7" diameter ASTM-Cl77-IrS apparatue was used for the 

thermal aonductivity measurenents. The diameter rig, except for its 

m o l l e r  site, is i den t i ca l  i n  operating procedure t o  the I.&" x lb"  ASTN- 

Cl.77-145 apparatus which is described i n  t h e  appendix. 

t h e  7" diameter i s  a l s o  shown i n  t h e  appendix along with the ca l ib ra t ion  

of t he  ull x lb" apperatulr. 

The ca l ib ra t ion  of  



Thermal kpanaion  

Thermal expansion determinations were made in accordmce with 

Nethod 2031 of EF406. 

close-up of t h e  quarts-tube dilatometer i s  shown i n  Figure - 12 . 
coef f ic ien ts  were made up t o  1000°F'. 

specimen were temperature monitored. 

600%' and from 6W°F to  l @ F  temperature was held t o  2 3OF. 

The apparatus is shown i n  Figure - 11 and a 

Expansion 

The t o p  and bottom of a 3.b unit 

The temperature was held - 3OF up to + 

The heating u n i t  waa approximately 30 inches longj the quarts 

tube was put i n t o  the furnace a dis tance of l l-1/2 inches. The specimens 

with an average length of 3.4 inah were placed i n  tb bottom of t h e  tube. 

!Two thenocouples  were mounted on t h e  specimen, approlbrmtely 2 inches 

apart ,  one toward the top  and one tonird the bottom. 

A themacouple used by t h e  uon tml  panel wae mounted on t h e  out- 

side of the quarts tube approximately 10 inches i n t o  the furnace centered 

i n  Une with the  specimen. The d i a l  gauge was mounted on t h e  quarts tube 

which rested on t h e  top of t h e  specimen. 

d i ca to r  before t h e  start  of the run t o  xero on the gauge. 

couplea were read by a nonnal potentioneter. 

a 

A pre-load was put on the in= 

The thermo- 
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RESULTS 

Physical Properties 

Tensian and Flexural values a r e  given i n  Table I and XI respectively 

for the Ultimate Strength and Modulus of Elasticity a t  six temperatures up 

to 100O0F. Plote of otrength and modulus of cla8ticity v s .  temperature are 

given in Figures 2 9  to 44 for four gradeo of phenolic aebestoe. The 

higher density mater ia l ,  109 lb/cu ft (type III) has a tenmile ultimate of 

45,000 psi  and an  E of 4 . 5 8  x10 

-- 

b psi a t  room temperature and along the 

axis of i ts  maximum strength (longitudinal), 

Effect of Temperature 

The same material  at 1000°F after two miwtes at 1000°F (measured 0 
after attainment of uniform, soak condition equilibrium) rhows a longitud- 

inal tensile strength of 11 , 500 p d  and an E of 3.18 x10 b p s i ,  

Strength Directionality 

Data i n  Tables I and I1 give values along the ax is  of maximum strength 

(Longitudiilal direction) and minimal strength (transverae direction) longi- 

tudinal and tramverse directions a r e  90' to each other.  It wam noted that 

the' tensile strength differential between these two ditectione, wae mignifi- 

cantly greater than had' bltber-to been reported. This differential ratio 

is approximately 2 to 1 whereas other data reported by Fores t  Products 

Laboratory, Wright Air  Development Divieion, and the manufacturer , 

1 3 



Strength Direc tionality-contd 

e 
iiaybcsto8-Manhattan show a ratio of approximately 3 to 2 .  Actual strength 

change vs. fiber orientation is plotted in  Figures 29 to 48 for tensile, 

compression, bearing and flexure, 

De nd tv  Effect 

The data indicate that strength is density sensitive as would be expected. 

Average (bidirectional) tensile strength at R T .  changes from 28,700 psi for 

a density of 109 lbs/cu ft to 24,300 ps i  for a density of 84.5 lbs/cu f t ;  at 

1 ooooI? (after 2 minutes) average (bidirectional) tensile strength changes 

from 14,400 psi  to 109 Ibo/cu ft to 10,200 psi at 8 4 . 5  Ibs/cu f t .  

Tensile values in general agree with published data of reference (FPL), e 
(WADD), and (R .M.). However,  flexural values of Table I1 run about 30% 

lower than other published data. Since this discrepancy could be due to 

the quarterpoint loading technique which results in a continuous stress 

acrosa 5070 of the entire span, and which is considerably longer than the 

local otrese resulting from the mid-span technique, re-teste were  run using 

the mid-span loading for comparative purposes,  The80 data are plotted 

i n  the temperature curves as a dotted line and show only a modest improve- 

ment in  the strength level for most cases .  Flexural values, therefore, are 

substantially below values reported by other investigators and establiahtsd 

in the applicable milltary speciflcatlona. 

14 



Compresaion and Bearing 

0 Compreerion atrength and stiffness values shown in’Table III a r e  l ees  

sensitive to daneity change with the exception of the lowest dencsity. The 

orientationdata show a more modest ratio of about 3 to 2 frabm longitudinal 

to transverse directians. 

Bearing 
c 

The bearing s t rength  values given in Table IV do not show the usual 

strength orientation with fiber directionality of the otlier.tests. The trans- 

verse etrcngth is almost equal to the longitudinal values in all cases .  

Density effects are net severe; the 300°F bearing strength average is 

2 9 , 9 0 0  psi for Type I D  density, 34,200 psi fer Type I1 density and 

33,900 psi for Type III density. 

Stress - Strain Relatianehir, 

Typical s t ress-etrain curves a r e  shown in Figures 6 3  to 74 - -  
for room temperature and 1000°F only. 

Ablation 

Result8 tabulated in Table V show a minimum cold wall effective heat 

of ablation (Heff) range from value of 3,440 BTU /lb to a maximum cola 

wal l  heat of ablation value of ’ 5,630 BTU/lb as measured to the base of the 

virgin material. (It was assumed that the total char layer wa8 cenrummed 

for conservative determinations). Heff values plotted against density in 

15 



Ablation-contd 

F i g u r e d ?  show approximately a otraight line function which indicate6 that 
e 

a lower danrity can be safely ured in a predictable manner if it is desirous 

to take advantage of other improved prsppertieo; i n  particular,  a lower thermal 

conductivity ie av8ilable in a lower dendty material .  Although enthalpy vari- 

able en heat of ablation properties wan# bsyend the rcope of the authorizing 

test  Directive, 0 later attempt to uncover the affect of thir parameter wa8 

unruecerrful primarily due te the limited number of teet opecimens. 

Thermal Conductivity 

Thermal conductivity valuer ehown in Tabie VU indicate that the -- 

higher density mentioned has about 2 time6 the conductivity a@ the lowest 

density, 1.91 v s .  .98 BTU/in/ft 2 0  / F/ in .  at room tumperature. Although 

the trend of the crpnductivity value for thooe materials ir to merge at the 
e 

higher temperatures (apprsaching 1000'F) a oubrtantial variation ir d n t -  

ained for a significantly long temperature @pan as rhown i n  Figure 

Conductivity vs . density plots rhown J.n Figure 53 t r an rg re r r  from a 

52 . 

straight line function and show a graater reduction aa~ dsnrity approachera 

its lower value. Thio transgresrion poeribly can be due to the increarred 

porority produced in the lowest grade material relative to  a change in the 

re r in  content experienced a t  the higher end of the denrity variable. 

16 
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Thermal Expansion 

Raw data thermal expansion data are shown in Figures 54 to 61. The 

summary curve, Figure 62, show6 substantially equivalent coefficients of 

thermal expansion, about 2 . 3  x 

reversal at higher temperatures. This temperature of reversal is density 

sensitive. Transition points, typical of phegolic resin systems are also shown 

ln the raw data,figures 54 to 61. For analysis purposes the average lines have 

bema drawn and are eummarl~d in Figure 62. 

'F; however, the material does show a 

Tr8naiont Thermal Expo8ure 

Data shown in  Table V h l i c a t e  that the lowert density investigated 

(84.5 lba/ft3) h a  maintained satiafactory rtructural  continuity under the 

thermal environment described by Figure 50 except poasibly at the lightest 

gage tested (.060 inch). For thie gage the r eddua l  rtrength approaches a 

poeribly cri t ical  level of 810 psi residual tensile strength. 

.- 

- 

0 
Although all specimens exporred in this environment experienced a 

load-carrying capability, i t  wae noted that reproducibility war highly 

unattainable and a larger number of specimens should be considered for 

realistic rtrength of materials determinations for thie type of environ- 

ment. Thir condition is also reflected i n  the lack of a well defined 

structural  relationship which wad in  evidence in the soak tes te .  However, 

a trend to a higher s t r e s s  attainment for higher deneity and thicker gages 

is indicated. 

heating environment was 6500 p8i for the 109 lbs/cu ft material  at 

.125 thickness. 

The maximum ertrength level attained under t h i s  transient 
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CONCLUSIONS 

The phenolic a sbes tos  m a t e r i a l  can be ut i l ized fo r  s t r u c t u r a l  application 

up to 1000°F in  s h o r t  t ime soak conditions and up to 2200°F in  t rane ien t  

heating conditions of 30 second6 durat ion and is a ea t i s fac tory  material for 

usage on s t r u c t u r a l  components of the P r o j e c t  FIRE vehicle .  

The phenolic a sbes tos  m a t e r i a l  must be used  as a ro ta ted  l q - u p  to 

produce an Wotropic" m a t e r i a l .  This can  be accompliehed by rotating 

50% of the p l i e s  90' to  the longitudinal d i rec t ion .  

The t ens i le  s t rength  values  of Table I a r e  representa t ive  data  for the 

var ious  dens i t ies  indicated.  

The f l exura l  s t rength  allowables should be reduced as is indicated by 

Table I1 unti l  the data  desc repanc ie s  can  be reso lved  and iirm values  

es tab l i shed .  The stren_gth of materiels developed in this investigation can 

be considereu conservative as evidenced by t h e  low f l e m r a l  values obtain&. 
The heat  of ablation p rope r t i e s  for  the var ious  dens i t ies  of phenolic 

a sbes tos  lamina tes  can  be t r aded  off in a predictable  manner  to  achieve 

a s ignif icant  improvement  in  t h e r m a l  conductivity p rope r t i e s  for  design 

opt imizat ion.  
2 BTU/ft -8;ec. is 45Ob BTU/lb. for a iiorninal (leiisits o f  1bC pounds per cubic: foot. 

The average heat of ablation at  a flux density of 23J-- :~OU 

n 

18 



ACKNOWLEDGMENT 

The Author wishes to express his appreciation for the 

assistance of Dr. Robert P e r r y  and his aerociates  of the Reentry 

Simulation Laboratory in particular for the performance of the 

arc jet erosion testing and calorimetric analysis. 



0 
Z 
U 

3 
0 z 
v) I4 

U 
w 

I 
o o <  
o o c  
c o r n -  
- 8 - a  
m m r  

* *  

t- 
* .  

,I 
I c - -  w .?! 
m a 

0 0 0 0 0 0  
0 0 0 0 0 0  
10 9 *I, 9 bl 

N 4 OiN 4 O l d  4 d 

0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  
\ D T T I c o r n c r m c t o  I I  

d 

2 
0 
.r( 

al 
B 
SI 
h 

.r( 

Y 
.d 

2 
2 w 
0 
m 

Lcl 

I I E 



0 0 0 0 0 0  
0 0 0 0 0 0  
0 b I n 0 0 0  I 0 

0 0 
o o o o o c  
o o o o o c  
3 3 P + O r . J U  I 

0 z 
3 
H 

0 
rJ: 
rc, 

d 3  w x  
0 0 0 0 0 0  
0 0 3 0 0 0  + a l n o m o  1 

rn> 

0 0 0 0 0 0  
Q 0 0 0 0 0  
4 l n O d 0 0  I 3 o o o o a  

3 o o o l n o  
~ . r r ) O O * O  I 

I--- .__.--.-..-- 

i5 
2 5  

9 
I 
0 O M  

0 0 0 0 0 0  
0 0 0 0 0 0  
0 m P 5 0 9 n l  I ~ 0 0 0 0 0  

~ 0 0 0 0 0  
3bnaooIn I 

0 
cc) 

0 
0 
vl 

L-c 



8 

> 
m 

Q) 
N 

N 

b 
Y I 

0 
0 
L n  

3 

0 
0 
0 

tu 4 

0 
0 m 
m 
N 

0 
0 
0 

N 
9- 

Q 

22 



T A B L E  I V  

Density Lb/Cu.  Ft. 
" F  

RT Longitudinal 
BiDi r e c tional 
T ran8 ve r s e 

BiDi r e c tiona 1 
300 Longitudinal 

BEARING STRENGTH OF THREE PHENOLIC ASBZSTOS 
LAMINATES vs FIRER ORIENTATION 1 

109 I ;;;, PSI 
91.9 
PSI 

31 000 39, 500 43, 700 
29,900 37 ,200  42, 000 
28, 500 35,000 40, 500 
29, 900 34,200 33, 900 
28,200 32,700 31, 900 

B iDir  e c tiona 1 
T r a n s v e r s e  

BiDi r e c tiona 1 
T r an8 ve r EI e 

BiDire  c tional 

300 Longitudinal 

800 Longitudinal 

T ran9 ve r s e I 26, 500 I 31, 300 I 30, 000 
500 Longitudinal 25 ,000  29, 600 34,000 

I 

22, 800 28, 000 ! 31, 900 

22,200 I 26,100 26, 500 
20,300 25, 400 24,700 
18, 400 24, 600 23, 000 
21, 000 22, 500 21, 500 
19, 000 21, 800 I 20 ,300  

. 20, 500 26, 300 27,100 

I 

T r a n s v e r s e  
1000 Longitudinal 

17, 000 21, 000 19, 100 
12,000 11, 500 17,000 

BiDirectional 
T r a n r v e r s  e 

1. Data given in tl.1.s table &rv extrapolation3 of t,he stren&h curves skown 

in figures 115 t,o 118. 

11, 500 10, 700 16, 200 
11, 000 10, 000 15, 400 
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Inchi. s 
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Type L"1 
84 .5  
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Strength 
PSI 

Type IH 
91.. '3 
Ultimate 
Strength 
PSI 

Type I1 
101.7 
Ultimate 
Strength 
PSI 

rype  III 
109.0  
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6500 
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TABLE V I 1  

Mat'l 

THERMAL CONDUCTIVITY OF THREE PHENOLIC ASBESTOS LAMINATES 

Input 
B T U h  /ft2 F /h 

Density Temp. A T  
Lbs/F t3 "F "F Watts 

IA 

II 

m 

84.5 111.5 5.7 2.3 .98 
403.3 57.3 31.28 1.32 
716.1 98.7 66.37 1.63 
1035.4 111.. 3 119.60 2.60 

91.9 136.5 10.3 6.44 1.60 
458.8 54:. 0 40.22 1.80 
694.2 84.9 67.92 1.94 
1041.3 102.7 115.88 2.73 

109.0 116.9 4.6 3.59 1.91 
420.5 43.2 36.66 2.06 
705.2 78.1 73.70 2.29 
731.5 70.4 73.17 2.32 
978.9 100.4 118.16 2.84 
988.9 114.6 130.64 2.76 

1 - Area of Central Heater = 12.57 in. 

2 - Panel 7" diameter x .US9 thiok 

26 
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Figure \ - Molding of ablation specimen on 150 ton hydraulic press 
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Dial-Gage foot on 
Quartz Rod- 

Figure 12 - Closeup of Thermal Expansion Test Set-up 
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Fiber orientation normal 
for all specimens 

~-,2.38,-7 

-(Mold Dim.  ) 
k-3.38 4 

Density = .0628 lb/in3 

Figure 15 - Cross-sect ion of Phenolic-Asbestos 
Specimen No, 4 After 30 seconds Arc-jet 
Exposure a t  294 BTU/ft2 - second 

0’ 

.025 

I -  
I 
I 
I 

I 
3 . 38  

(Mold Dim.)  

Density = .0524 lb/in3 

Figure 16 - Cross-sect ion of Phenolic-Asbestos 
No. 6 After 30 seconds Arc-jet Exposure 
At 2 8 5  BTU/ft2- second 



~ - , 2  e 38 r-q 

1 
-3*38 (Mold Dim. ) 

Figure 17 - Cross-section of Phenolic-Asbestos 
Specimen No. 7 After 30 seconds Arc-jet Exposure 
at 180 BTU/ft?- second 

K-,Z2.38'---------"+1 h-, 3 .38  -4 
(Mold Dim. ) 

Density .0508 lb/in3 

Figure 18 - Cross-section of Phenolic-Asbestos 
Specimen No. 9 After 30 seconds Arc-jet Exposure 
at 320 BTU/ft2- second 



F-- 2 .38  

tc------).38 (Mold Dim. ) 

Density = .0603 lb/in3 

Figure 19 - Cross-Section of Phenolic-Asbestos 
Specimen No '2 10 After 30 seconds Arc-jet Exposure 
at 315 BTU/ft - second 

-3 
L 

,50 4 .025 

_I 
F-2.38 F- 3.38 

(Mold Dim ) 

Density - .0589 lb/in3 

Figure 20 - Cross-Section of Phenolic-Asbestos 
Specimen No.  1 1  After 30 seconds Arc-jet Exposure 
at 315 BTU/ft2 - second 



k-'2 e 3 8 k  
3.38 

(Mold Dim.) 

Density e0557 lb/in3 

Figure 21 - Cross-section of Phenolic-Asbestos 
Specimen No. 13 After 30 seconds Arc-jet Exposure 
at 327 BTU/f$ - second 

Density - -0607 lb/in3 

Figure 22 - Cross-Section of Phenolic-Asbestos 
Specimen No. 14 After 30 seconds Arc-jet Exposure 
at 245 BTU/ft2 - second 



-7- 
50 & .025 L 

F-2.38 
F p  3.38 

(Mold Dim. )  

Density s .0617 lb/in3 

Figure 23 --Cross-Section of Phenolic-Asbestos 
Specimen No. 15 After 30  seconds Arc-jet Exposure 
at 283 BTU/ft2- second 

-T- 
..50 i .025 

.--$-...... 

C 

b-p2.38,-y r- 3 . 3 8  
(Mold Dim. ) 

Density = .0530 lb/in3 

Figure 24 - Cross-Section of Phenolic-Asbestos 
Specimen No. 16 After 30 seconds Arc-jet Exposure 
at 245 BTU/ft2- second 
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..50 .025 c 

d 12 38 *-q 
p i -  3 . 38 '-4 

(Mold Dim. ) 

Density - .06445 Ib/in3 

Figure 25 - Cross-section of Phenolic-Asbestos 
Specimen No. 17 After 30 seconds Arc-jet Exposure 
at 242BTU/ft2 - second - 

p--2.38 -4 
t~-,3.38 

(Mold Dim.) 

Density = ,0642 lb/in3 

Figure 26 - Cross-Section of Phenolic-Asbestos 
Specimen No. 18 After 30 Seconds Arc-Jet Exposure 
at 3 00 BTU /ft2 second 
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,50 f .025 
L 

-Z238--q 

(Mold Dim. )  
k-.----3.38 

Density -05625 lb/in3 

Figure 27 - Cross-Section of Phenolic-Asbestos 
Specimen No. 19 After 30 seconds Arc-jet Exposure 
at 258  BTU/ft2- second 

p- 2.38  ,-I p- 3 .38  
(Mold Dim. ) 

Density = .0573 lb/in3 

Figure 28 - Cross-Section of Phenolic-Asbestos 
Specimen No. 20 After 30 seconds Arc-jet Exposure 
at 238  BTU/ft2- second 
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THERMAL CONDUCTIVITY T O  1OOcl”F 

is a sl 

hea te r  

T h e r m a l  conductivity runs  are made with a g.iarded hot plate,  which 
ght modification of the s t anda rd  ASTM C 177-45  design. 

The appa ra tus  cons i s t s  of a cen t r a l  hea t e r  plate  sur rounded by a guard  
e a c h  s e p a r a t e l y  controlled.  The guard r ing  is maintained at the s a m e  

t empera tu re  as the c e n t r a l  hea t e r  s o  that all of the heat flow i s  no rma l  to the 
spec imen  surfaces. 
c e n t r a l  sec t ions  i s  measured by means of eight different ia l -  thermocouple 
junctions connected in series. 
sandwiched between l a y e r s  of shee t  insulation, the hot-face thermocouples ,  
the spec imen,  cold-face thermocouples ,  s h e e t  insulation, a copper  plate,  
and finally a cold s o u r c e  to d iss ipa te  the heat. The cold s o u r c e  cons i s t s  
of a copper  coi l  enclosed in a n  aluminum box. In addition to  the thermocouples  
in  contact with the spzc imen,  thermocouples  are located in the cen t r a l  heater 
and the ou te r  copper  plates .  

The t empera tu re  difference between the guard and 

The plate containing the two h e a t e r s  i s  

The  thermocobples  on the hot s ide  and the cold s ide  are sandwiched 
between s h e e t s  of thin Lsbestos  paper .  The ends  of the thermocouple  l eads  
pro t rude  through one shee t  of the pape r  and are so lde red  to 1” x 1” s q u a r e s  
of b r a s s  s h i m  stock. 
between the spec imen  and the thermocouples  as well as between the spec imen  
and the hot and the  cold plate. The u s e  of the pape r  and thermocouple 
g e t t e r s  i n c r e a s e s  the flexibility of the appara tus  f o r  use with m a t e r i a l s  of 
varying surface finished; however,  f o r  ma te r i a l s  with unusual surface 
f i n i s h e s ,  neoprene s h e e t s  are inser ted  on both s i d e s  of the speoimens .  
The neoprene de fo rms  to  the su r face  of the specimen thus el iminat ing 
the air f i lm.  
t empera tu re  of the neoprene. 

r 

This  a r r angemen t  in su res  tha t  t he re  is no air f i lm * 
5 

- 
The apparent  l imitat ion of this  a r r a n g e m e n t  i s  the des t ruc t ion  

Single thermocouples  in the center of the heater plate monitor the 

F o u r  of the thermocouples  pro t rude  through the plate  in contact  
hea t e r  tempera ture .  
plates .  
w i t h  a s b e s t o s  shee ts .  
to monitor  its tempera ture .  These  couples,  in the hea te r  and the cold 
p la tes ,  are used to  monitor  the ove r -a l l  t empera tu re  d rop  through the 
a s sembly .  

In addition, f ive thermocouples  are in the cold copper  

The fifth thermocouple i s  so lde red  to the cold plate  

To maintain good contact  p r e s s u r e ,  a s c r e w  loa%ing device:holds 
the e n t i r e  sandwich a s s e m b l y  p r e s s e d  f i r m l y  together  with a total  load 
application up to  about 600 pounds. 



, 

The a s s e m b l y  is a r r a n g e d  to opera te  with the spec imen  placed in 
the appa ra tus  horizontal ly  as shown in F igure  1. 
insulated a round the edges  by g l a s s  batting, which  can be s e e n  on the far 
s i d e s  of the appa ra tus  in F igu re  1. 

The a s s e m b l y  i s  

A constant  voltage t r a n s f o r m e r  is used in conjunction with the  
var iab le  control  t r a n s f o r m e r s  to assure a constant  power supply at each  
set t ing.  The c e n t r a l  hea t e r  and guard  hea te r  are control led individually 
by the var iab le  cont ro l  t r a n s f o r m e r s .  The voltage and c u r r e n t  to  the 
central hea te r  are monitored by means  of a vol tmeter  and  a n  a m m e t e r ,  
which are switched o u t  of the c i r cu i t  except  when ac tua l ly  being read.  
The voltage to the guard  hea te r  is monitored constantly by a vol tmeter .  

All of the thermocouple readings  are t a k e n  on a k e d s  and Northrup 
K - 2  potent iometer  in conjunction with a galvanometer  of 0.43 microvol t s  
p e r  m m  deflect  ion sensit ivity.  

T o  obtain mean sample  t empera tu res  above room tempera tu re ,  
water is c i r cu la t ed  through the copper  tubing of the cold plates .  
mean  sample  t e m p e r a t u r e s  below room tempera ture ,  cold t r ichloroethylene 
is pumped through the copper  tubing. This  coolant i s  chil led by c i rcu la t ing  
i t  through copper  co i l s  in a t r ichloroethylene dry- ice  bath. 
conditions are cer t i f ied  before  readings  are taken. 

F o r  

Equi l ibr ium 

1 

Coefficients of the rma l  conductivity are calculated f r o m  the 
e x p r e s s  ion: 

where  Q = total heat flow - Btu /h r  
X = ave rage  thickness  of spec imens  - inches 
A = area of c e n t r a l  hea t e r  sec t ion  - s q u a r e  fee t  

A t  = s u m  of t empera tu re  d r o p s  a c r o s s  each sample  - O F  

- 
r Theoret ical ly ,  Q, the heat  input, should sp l i t ,  'wTth exact ly-half  of 

:he .nput flowing through each sample .  
t?.at this  condition r a r e l y  ex i s t s .  
the neat flow. 
a r i t h m e t i c  ave rage  for the two panels .  

The t empera tu re  d r o p s  indicate 
Instead, t he re  is a s l igh t  unbalance in 

The above fo rmula  then p e r m i t s  a calculat ion of the 

102 



PA a check,  the t h e r m a l  conductivity can  be calculated for  the 
s p e c i m e n  with a series express ion ,  knowing the over -a l l  t e m p e r a t u r e  d r o p  
f rom the h e a t e r  t o  the cold s ink  and the conductivity of the asbestos a n d / o r  
t h e  neoprene. 

4 

The or ig ina l  ca l ibra t ion  c u r v e  f rom e a r l y  work on the conductivity 
appa ra tus  is shown in Figure 2. 
that  w e r e  obtained on some re fe rence  spec imens  a t  the s t a r t  of one job 
t o  check  out the use of sma l l e r  spec imens ,  a modified p e r i p h e r y  

this  cu rve ,  it c an  be s e e n  that the da t a  had cons iderable  sca t t e r .  
of this  s c a t t e r ,  sufficient information w a s  obtained t o  62Stabl.Sh operatior. 
p rocedure  and  techniques and  t o  conf i rm the validity of using s m a l l e r  
spec imens .  

Seve ra l  da ta  points also a re  included 

1 insulation ad a n  improved  t e m p e r a t u r e  measu r ing  te.chnique. From 
In sp i t e  

A m o r e  accclrate zal ibrat ion cu rve  w a s  es tab l i shed  and  LS showr. 
in F i g d r e  3. 
procedure  w a s  to m e a s u r e  the  face t empera tu re  with five thermocauples  
mountea 01. sma l l  brass g e t t e r s ”  and  held aga ins t  the spec imen  by  a 
thin s h e e t  of a s b e s t o s  paper .  Also, the copper  p la tes  on the hot s ide  . 
w e r e  eli-mmated. T h e s e  p r o c e d u r e s  produced data w:-..ch prac t ica l ly  
dupl icated the prev ,ous  ca l ibra t ions  on 14” spec imens  vvith 6” vermicul i te  
tnsulation a round  the appa ra tus .  With coppe r  p la tes  on the hot aide,  the 
condu;:tivity obtained w a s  h igher ,  indicating a r ad ia l  tieat loss out throug 
the coppe r  ? ia tes  OR the h e a t e r  side iIf the specimens- 

From this  da ta  i t  w a s  de t e rmined  that the best opera t ing  

1 1  

* 
Recent  ,&libration of the appa ra tus  had Ixer, W L L G  pA,ax g l a s  as a 

.-riert.nce spec imen .  The  r e s u i t s  of the Calibration r u n s  arc shown in Fib e 
4 uding r e f e r e n c e  da ta  by o the r  invest igators .  The excel lent  a g r e e m e n t  

L.-t.-~c - &.s tab i t shed  the r6iiabil i ty df 4he equipment.  

The p r e s e n t  proceililre, which includes thermocouples  soldered to 
g e t t e r s ”  a n  both s i d e s  of the spec imen,  w a s  also ca l ib ra t ed  with 

The  r e s u l t s ,  also shown in Figure 4, es tab l i shed  

1 1  .ss 
Lile Plexiglas  spec imen.  
the l a t t e r  p rocedure  t o  be as good or  poss ib ly  b e t t e r  than the p rev ious  
p rocedures .  

i 

‘. 
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X - 14" x 14" Specimens with cu. plate on hot Bide. 
+ - 14" x 14" Specimens with no cu. plate on hot slde ' 
0 - 8" x 8" Specimens with cu. plate on hot side. 

8" Specimens with no cu. plate on hot s i d e  

0 100 200 300 400 500 600 
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Figure 2. Original Calibration Curve Using Vvrioue Size Spt .r.?ens and 
Varioue Meaeuring Devices, 
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2 SRI Data 14"  x 1-1" x 0. 238 ", asbestos sheets a t tached 
to ge t t e r s  on both s ides  of spec imen 
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Figure 4. Comparison of T h e r m a l  Conductivity of P lex ig las  by Different 
Invest igators .  


